We report on the first experimental observation of stable-vector vortex solitons in nonlocal nonlinear media with a reorientational response, such as nematic liquid crystals. These solitons consist of two co-polarized, mutually trapped beams of different colors, a bright fundamental spatial soliton, and a nonlinear optical vortex. The nonlinear vortex component, which is normally unstable in nonlinear media, is stabilized and confined here by the highly nonlocal refractive potential induced by the soliton. Optical vortices are intriguing objects that have attracted quite a bit of attention [1-3] because of their fascinating properties and potential applications in the optical encoding/processing of information [4] [5] [6] [7] , as well as in tweezers and guiding and trapping particles [8] [9] [10] [11] . Vortex beams have a toroid-shaped intensity profile with a characteristic screw-type phase dislocation at the zero-intensity point where the electromagnetic field vanishes. Such complex beams can be generated and propagate in either linear or nonlinear media, but in the presence of a self-focusing response they become highly unstable due to a symmetry-breaking azimuthal instability, and decay into several fundamental solitons [12, 13] . Thus, vortex localization in a nondiffracting, nonlinear mode (a vortex soliton) and its stabilization against azimuthal instabilities are among the current challenges in the nonlinear optics of complex wavepackets.
Optical vortices are intriguing objects that have attracted quite a bit of attention [1] [2] [3] because of their fascinating properties and potential applications in the optical encoding/processing of information [4] [5] [6] [7] , as well as in tweezers and guiding and trapping particles [8] [9] [10] [11] . Vortex beams have a toroid-shaped intensity profile with a characteristic screw-type phase dislocation at the zero-intensity point where the electromagnetic field vanishes. Such complex beams can be generated and propagate in either linear or nonlinear media, but in the presence of a self-focusing response they become highly unstable due to a symmetry-breaking azimuthal instability, and decay into several fundamental solitons [12, 13] . Thus, vortex localization in a nondiffracting, nonlinear mode (a vortex soliton) and its stabilization against azimuthal instabilities are among the current challenges in the nonlinear optics of complex wavepackets.
Early numerical studies revealed that spatially localized vortices can be stabilized in highly nonlocal, nonlinear media with a self-focusing response [14, 15] , as later confirmed by experimental results on the existence of stable, single-charge vortex solitons in thermo-optical nonlocal media [16] . Nonlocal spatial solitons were also found to be able to guide and route vortex beams across an interface or around a defect, acting against diffraction and instabilities enhanced by a perturbation [17] . In the nonlinear regime, an intense vortex and a spatial soliton in a nonlocal medium are expected to form vector solitons [12] , similar to the cases of vector solitons with bright beam components of different colors in nonlocal media [18, 19] , spiraling solitons with angular momentum [20] [21] [22] , and multi-hump soliton structures consisting of two (or more) components that mutually self-trap [12, 23, 24] . As shown in recent theoretical/numerical studies [25] , such two-component vector vortex solitons are expected to exist as stable states in nematic liquid crystals (NLCs), owing to the highly nonlocal response of the medium [26, 27] and the stabilizing character of the resulting nonlinear, nonlocal potential generated by the superposition of both beam components [25, 28] . However, in spite of the numerous theoretical studies of vector vortex solitons, such localized beams have not been observed in experiments so far. On the contrary, to date, such multi-component spatial vortex solitons were found to undergo strong instabilities and eventually break up [13, 29] .
In this Letter, for the first time to the best of our knowledge, we experimentally demonstrate the formation of two-component, two-color vector solitons in which one of the components is an optical vortex and the other a bright spatial soliton. Employing nematic liquid crystals as the nonlinear medium, we show how the nonlocal, nonlinear reorientational response can dramatically enhance the mutual field coupling through the light-induced potential, leading to the stabilization of the nonlinear vortex beam when the power of the solitary beam exceeds a certain value.
NLCs are molecular liquids with a large degree of orientational (angular) order and no positional order. Most NLCs are positive uniaxials with a large optical birefringence Δε from 0.1 to 0.7 in the optical spectrum, with a refractive index that is higher for a beam polarized along the optic axis (or director)n. Typical NLCs are also spatially nonlocal due to the elastic links between the molecules and, most importantly, they are excellent all-optical materials by virtue of their reorientational response to electric fields. An intense electric field E oriented at a finite angle (nonzero and ≠ π∕2) with the directorn induces a dipole moment in the molecules, which then can rotate in order to minimize the overall system energy (electromagnetic and elastic). The torque is orthogonal to the principal plane of an extraordinary wave and has the form Γ Δϵn · En ∧ E:
When the equilibrium between the torque and the elastic forces present through the intermolecular links and anchoring is reached, light propagation is ruled by molecular reorientation. In a standard NLC, the latter increases the angle ψ between the optic axis and the wave vector, thereby increasing the refractive index for an extraordinarily polarized field. This yields self-focusing and, eventually, the spatial localization of a bright beam in the form of a spatial soliton, i.e., a nematicon [27] .
In our experiments, we used a planar cell formed by two poycarbonate slides held parallel at a distance of 110 μm across y, containing the NLC mixture 6CHBT. The maximum propagation length along the z axis was 1.1 mm from the input to the output facets. The latter were defined and sealed by two additional 150 μm -thick slides attached perpendicularly to z in order to prevent the formation of exposed menisci. The mean angular orientation of the NLC optic axis was preset by mechanically rubbing the internal interfaces at an angle ψ 0 π∕4 with respect to z in the plane x; z, parallel to the slides. Figure 1 shows a sketch of the experimental setup for the generation of two-component, two-color vector vortex solitons. One component (red) carries the single-charge vortex beam generated with a fork-type amplitude diffraction hologram (DH) using extraordinarily polarized light from a cw laser beam at wavelength λ 1 671 nm and power P r . The vortex beam is launched into the NLC cell with a 10× microscope objective (MO 1 ), resulting in an input ring with a radius of w ≈ 7 μm (defined by its peak intensity). The second (green) component is an extraordinarily polarized fundamental Gaussian beam of wavelength λ 2 532 nm and power P g . The co-polarized, two-color components are co-launched with parallel wave vectors along z into the NLC. The transverse dynamics of each beam in the medium were monitored by collecting the light transmitted through the output interface, using a 20× microscope objective (MO 2 ) and a high-resolution CCD camera. To separately record the output images of the (red) vortex or green (fundamental) beams, we used either red or green filters placed in front of the camera.
First, we studied the behavior of each component propagating independently in the cell with various input powers. . As P g increases, the green beam undergoes self-focusing and the transverse intensity distribution at the output visibly shrinks, giving rise to a nematicon for P g > 2.4 mW [see Fig. 2(e) ]. By increasing the power in the component that carries angular momentum to P r > 5 mW, the vortex beam also experiences self-focusing, but its initially radial symmetry distribution breaks up into a pair of filaments [ Fig. 2(f ) ] as a result of the azimuthal instability enhanced by the nonsymmetrical configuration of the planar cell and the related anisotropy in the induced refractive index profile. Such dynamics are perfectly consistent with the results reported earlier, when we experimentally observed the astigmatic transformations of vortex beams into spiraling dipole azimuthons [13] .
In order to stabilize the vortex beam and prevent its breakup, we investigated the incoherent, nonlinear interaction of two color (green and red) components (a vortex and a Letter Gaussian) propagating simultaneously in the cell as vector beam. Both beams were extraordinarily polarized, i.e., with their input electric field directed along y. In these experiments, we changed the input power of the green beam P g , while the power of the input red vortex beam P r was kept constant at 8 mW, which is high enough to excite nonlinear effects and instabilities in the absence of the fundamental soliton. For P g < 2.4 mW, the vortex exhibited clear azimuthal instability and transformed into a dipole-like transverse intensity distribution [compare Figs. 2(f ) and 3(a) ]. In this regime, the beam behaved similar to the dipole-like vector soliton observed in other systems [30, 31] . At higher power, where P g > 2.6 mW, we clearly observed a profile reshaping of the red component of this dipole-mode vector soliton [see Fig. 3(b) ]. A further increase in the power 4.9 < P g mW<8 led to a remarkable profile transformation: the dipole-like beam transformed into a perfect ring structure, forming a stable-vector vortex soliton with its annular shape around a dark core [see Fig. 3(c) ]. At higher excitations, (not shown) the spatial dynamics were amplified as the beam developed irregular and temporally unstable structures [32] . Finally, in order to confirm the presence of a phase singularity in the vector vortex soliton, we investigated its phase structure by arranging a Mach-Zehnder interferometer in our experimental setup (beam splitters BS 1 and BS 3 and mirrors M 1 and M 2 in Fig. 1) . A slightly tilted, relatively wide, red Gaussian beam was made to interfere with the vortex component at the output. The interferogram in Fig. 3(d) allowed for the detection of phase dislocations by the characteristic presence of fork dislocations. Therefore, we ascertained that the vortex character of the red input beam was retained after the formation of the vector soliton, owing to the interaction with the nonlocal potential induced in the medium by the green nematicon. The highly nonlocal, nonlinear response of the soft matter, specifically, reorientational nematic liquid crystals, dramatically enhanced the incoherent field coupling of the two co-polarized wave-packets of different colors, leading to the stabilization of the vortex soliton when the soliton power was large enough to trap the nonlinear vortex.
In conclusion, we have experimentally demonstrated the existence of stable, two-component, two-color vector vortex solitons in nematic liquid crystals. These vector solitons appear in the form of two-wavelength self-trapped beams, with one of the components carrying a phase singularity and being stabilized by the nonlocally enhanced interaction with the other localized beam, a fundamental spatial soliton. We found that these vector beams can be generated using nematicons with input powers within a certain range of excitation. We expect that such a first report on nonlinear vortex stabilization and trapping by coaxial spatial solitons will stimulate further research on vortex routing in various systems, including nonlocal nonlinearities [17, 33] and nematic liquid crystals [34, 35] . 
